The rainbow trout genetic linkage groups have been assigned to specific chromosomes in the OSU (2N=60) strain using fluorescence in situ hybridization (FISH) with BAC probes containing genes mapped to each linkage group. There was a rough correlation between chromosome size and size of the genetic linkage map in cM for the genetic maps based on recombination from the female parent. Chromosome size and structure have a major impact on the female: male recombination ratio, which is much higher (up to 10:1 near the centromeres) on the larger metacentric chromosomes compared to smaller acrocentric chromosomes. Eighty percent of the BAC clones containing duplicate genes mapped to a single chromosomal location, suggesting that diploidization resulted in substantial divergence of intergenic regions. The BAC clones that hybridized to both duplicate loci were usually located in the distal portion of the chromosome. Duplicate genes were almost always found at a similar location on the chromosome arm of two different chromosome pairs, suggesting that most of the chromosome rearrangements following tetraploidization were centric fusions, and did not involve homeologous chromosomes. The set of BACs compiled for this research will be especially useful in construction of genome maps and identification of QTLs for important traits in other salmonid fishes.
Abstract:
The rainbow trout genetic linkage groups have been assigned to specific chromosomes in the OSU (2N=60) strain using fluorescence in situ hybridization (FISH) with BAC probes containing genes mapped to each linkage group. There was a rough correlation between chromosome size and size of the genetic linkage map in cM for the genetic maps based on recombination from the female parent. Chromosome size and structure have a major impact on the female: male recombination ratio, which is much higher (up to 10:1 near the centromeres) on the larger metacentric chromosomes compared to smaller acrocentric chromosomes. Eighty percent of the BAC clones containing duplicate genes mapped to a single chromosomal location, suggesting that diploidization resulted in substantial divergence of intergenic regions. The BAC clones that hybridized to both duplicate loci were usually located in the distal portion of the chromosome. Duplicate genes were almost always found at a similar location on the chromosome arm of two different chromosome pairs, suggesting that most of the chromosome rearrangements following tetraploidization were centric fusions, and did not involve homeologous chromosomes. The set of BACs compiled for this research will be especially useful in construction of genome maps and identification of QTLs for important traits in other salmonid fishes.
Introduction:
Rainbow trout (Oncorhynchus mykiss) is a member of the family Salmonidae which underwent an ancestral tetraploidization event approximately 90-100 million years ago (ALLENDORF and THORGAARD 1984; MITCHELL et al. 2005) . This is supported by the fact that these fishes have a genome size twice that of related species, and that some homeologous chromosome arms still exchange segments as a result of quadrivalent formations in male meiosis (ALLENDORF and DANZMANN 1997) . Most teleosts have a karyotype of 24-25 acrocentric (single-armed) chromosome pairs, but rainbow trout and many other salmonids have a large number of metacentric chromosome pairs and about 100 rather than 50 chromosome arms, suggesting that many centric fusions occurred during the radiation following tetraploidization.
Several genetic linkage maps have been constructed for rainbow trout NICHOLS et al. 2003; ROBISON et al. 2001; SAKOMOTO et al. 2000; ZIMMERMAN et al. 2004) or are in progress (Rexroad, pers. com.) . The most detailed are the OSU x Arlee male map based on doubled haploids (NICHOLS et al. 2003) and the sex-specific maps based on two crosses done at University of Guelph SAKOMOTO et al. 2000 , in which markers are traced from both male and female parents. Synteny between the genetic maps from the OSU x Arlee cross and the crosses from the University of Guelph has been established by the mapping of shared microsatellite markers (NICHOLS et al. 2003) . Syntenic relationships of the OSU x Clearwater doubled haploid map with the other maps has also been established using shared microsatellite or AFLP markers (Nichols and Dekoning, unpublished) . All genetic markers used in this study were mapped in one of these crosses.
The karyotype of rainbow trout has been characterized, including identification of sex chromosomes (THORGAARD 1977) , localization of ribosomal RNAs (PHILLIPS and HARTLEY 1988) , and documentation of intraspecific variation in diploid chromosome number (2N=58-64) (THORGAARD 1983) . Banding patterns obtained with various fluorochromes (PHILLIPS and HARTLEY 1988) and restriction enzymes (LLOYD and THORGAARD 1988) have been described and chromosome-specific centromeric DNAs have been identified (PHILLIPS et al. in preparation; REED and PHILLIPS 1997) . What has been lacking is the matching of specific chromosome pairs with genetic linkage groups.
The assignment of markers on the genetic map to specific chromosomes is of special interest in rainbow trout because the male and female maps are so different (SAKOMOTO et al. 2000) . The female: male recombination ratio is more than 10:1 in regions near the centromeres, but 1:10 in regions near the telomeres. There is also considerable variation among chromosomes in these rates .
In this paper we used the technique of fluorescence in situ hybridization (FISH) to assign linkage groups to specific chromosomes in the OSU strain (2N=60) of rainbow trout, and to orient the linkage maps on each chromosome pair. To do this, bacterial artificial chromosome (BAC) clones containing markers mapped to each of the linkage groups were isolated and used as probes in the FISH experiments. In some cases, BACs were isolated first and then put on the genetic map using SNPs derived from endsequences or microsatellite loci isolated from the BACs. Chromosomes were identified using a combination of relative size, chromosome arm ratios, and centromere probes.
Materials and Methods:
BAC Library Screening:
Almost all of the clones were obtained from two different trout BAC libraries, one made from the OSU XX clonal line (PHILLIPS et al. 2003) and another from the Swanson YY clonal line (PALTI et al. 2004) . Filters from the OSU library were screened for type I clones using P32 labeled cloned probes, and the PCR superpools from the Swanson library were screened for clones containing either type I loci or microsatellite loci using specific PCR primers for each locus. Four clones from the CHORIO Atlantic salmon BAC library (THORESEN et al , 2005) were also used. These were screened from filters 
Genotyping:
Microsatellite loci were genotyped on the ABI 3100 using fluorescently-labeled forward primers. Several microsatellite loci, obtained directly from random BACs as described above, are named with numbers in the OMM3000 series (REXROAD et al. 2005 ). Genotyping of offspring was done in two doubled haploid panels: OSU x Arlee (NICHOLS et al. 2003; YOUNG et al. 1998 ) OSU x Clearwater (NICHOLS et al. 2004) . In order to correlate the OSU x Clearwater map with the OSU x Arlee map, at least one marker from the OSU x Arlee map was mapped onto the OSU x Clearwater panel for each linkage group. The doubled haploid panels were constructed by androgenesis performed on hybrids between two homozygous clonal lines, so all offspring were homozygous which facilitated scoring of SNPs as described below.
Genotyping of SNPs in type I genes was done using several methods including RFLP analysis of amplified products, SSCP, and the ABI PRISM® SNaPshot™ Multiplex System. For the SNaPshot method, first we designed primers to 3' regions from either GenBank or the TIGR databases for the genes of interest. These regions were amplified in OSU, Clearwater and Arlee parental lines to look for SNPs. After sequencing the PCR product and detecting the SNP, a primer was designed immediately 5' of the SNP, and single-base extension (SBE) is performed using the SNaPshot ready mix containing fluorescently labeled ddNTPs. The extended restriction products were detected on our ABI 3100 sequencer. Information on the SNPs can be found in the NCBI SNP database (dbSNP). SNPs genotyped in the Phillips laboratory can be located using RPHILLIPS and SNPs genotyped by Krista Nichols (in Myd118-2, LDHB, TRH, THSHA) can be located using NICHOLSLAB_PURDUE.
In situ hybridization and karyotyping Chromosome preparations were obtained from blood of the OSU strain (2N=60) by methods described previously (REED and PHILLIPS 1995) . Briefly, the buffy coat was isolated from whole blood and placed in MEM media with pen-strep, L-glutamine, 10% fetal calf serum and 200ug/ml LPS and cultured for 6 days at 20C. Cells were collected by centrifugation and resuspended in 0.075M KCl for 30 minutes, then fixed in 3:1 methanol acetic acid. Cell suspensions were dropped onto clean slides and allowed to dry on a slide warmer with humidity at 40C.
BAC clones were labeled with spectrum orange (Vysis, Inc.) and digoxigenin (Roche, Inc.) as recommended by the manufacturer. Hybridization with fluorochromelabeled dUTPs was as suggested by the manufacturer (Vysis, Inc.) with minor modifications. Briefly, chromosome preparations were made the day before use and left to dry on a slide warmer at 40C overnight. Just prior to hybridization, the slides were denatured in a 70% formamide solution at 73C for 5 minutes. The probe was prepared by adding labeled DNA with human placental DNA and rainbow trout CoT DNA (for blocking) to the Vysis hybridization solution, and denatured at 73C for 5 minutes.
Hybridizations were allowed to proceed under a sealed coverslip in a humidified chamber at 37C overnight. The next day the slides were washed first with 0.3% NP40 in 0.4X SSC at 73C for 3 minutes, and then with 0.1% NP40 in 2X SSC at room temperature for 1 minute. Antibodies to digoxigenin (1/100 dilution in PBS) were applied and slides incubated at 37C for 45 minutes, according to manufacturer's instructions. Primary and secondary antibodies to spectrum orange (1/100 and 1/200 dilution in PBS) were used to amplify the signal in many experiments. Slides were counterstained with DAPI/antifade (Vysis, Inc.).
Slides were examined using an Olympus BX60 microscope and photographed with a Sensys 1400 digital camera. Images were captured with Cytovision software (Applied Imaging Inc.) and selected karyotypes were prepared using Genus software (Applied Imaging Inc.). Chromosome pairs were identified using relative size, centromere staining, chromosome arm ratios, and centromere probes. Chromosomes were assorted according to size using the software described above and adjustments made by hand to conform with the standard chromosome arm ratios and DAPI staining of centromeres. Final identification of chromosomes of similar size and morphology was done using a combination of centromere probes (REED et al. 1998) in different colors.
Dual hybridizations with these centromere probes and BAC clones containing genes from specific linkage groups (in two different colors) were done to confirm these assignments.
The orientation of the genetic map on the chromosomes was determined by comparing the location of markers on the genetic map and their location on the chromosomes. Once this orientation of the genetic map was determined (see Table 1 ), then it was usually possible to assign homeologous regions to a specific chromosome arm (Table 3) .
Results:
Hybridization experiments were carried out with BAC clones containing genetic markers mapped to each linkage group. Dual hybridizations with centromere probes allowed us to accurately identify each chromosome. Two different centromere probes were used extensively as an aid to chromosome identification: 66L6 which hybridizes to centromeres of chromosomes 4 and 8, and 10h19 which hybridizes to centromeres of chromosomes 7, 9, 11, 16, 17, 22, 25 and 29 . Figure 1 shows a dual hybridization with the 66L6 centromere probe (labeled in green) and a BAC clone containing the microsatellite locus Omm1295 (labeled in red). Omm1295 has been mapped to LG23, so this experiment showed that LG23 corresponds to Omy8, the smaller of the two chromosome pairs that are positive with the 66L6 centromere probe. A composite of images showing the results of hybridization of one probe for each linkage group to specific chromosomes is shown in Figure 2 . In these hybridizations the BAC probes are in red and the 10h19 centromere probe is in green. In every case, the sex chromosome pair from the same metaphase is shown below the chromosome containing the probe signal, to indicate relative size. The sex chromosome pair can always be identified in every metaphase because it is the only subtelocentric pair in the karyotype and the X chromosome has a bright band with the DAPI stain (used as a counterstain in the FISH experiments) on the short arm next to the centromere.
The clones that were used to assign genetic linkage groups to chromosomes, and the orientation of the chromosome map on each chromosome are shown in Table 1 .
An ideogram of the rainbow trout karyotype showing location of probes used to assign linkage groups to specific chromosomes is shown in Figure 3 .
The relative sizes of the linkage maps (Ox A male map and female maps from lots 25 and 44 from the University of Guelph) in cM and the female to male recombination ratios (based on lots 25 and 44) of the different linkage groups are shown in Table 2 for metacentric and acrocentric chromosomes SAKOMOTO et al. 2000) . For the female maps, the average genetic map distance in cM of the 12 largest chromosomes was 104cM, while the average of the 10 smallest chromosomes was 41cM, so there is a rough correlation between chromosome size and linkage map distance in cM.
Recombination ratios of female: male maps for metacentric chromosomes vary between 1 and 26.55, while ratios for acrocentric chromosomes vary between 1 and 4.18 in the sexspecific maps from the University of Guelph. Table 3 groups the chromosome arms and homeologous linkage groups that have been identified in several studies NICHOLS et al. 2003) and this paper, including information on the duplicate genes that have been mapped to these chromosome arms. Whenever the same linkage group is involved in two different homeologies, they almost always involve different chromosome arms. The only chromosome pair involved in three homeologies was the largest chromosome pair, which corresponds to linkage group 6.
Discussion:
The largest linkage groups usually corresponded to the largest chromosomes. In females the linkage groups corresponding to the twelve largest chromosomes had an average size of 104cM, while the linkage groups corresponding to the ten smallest chromosomes had an average size of 41cM. In males the comparable figures were 68.4cM and 36.8cM. It is known that male recombination is greatly suppressed near the centromeres, but inflated near the telomeres. For example, TCRβ which hybridizes to the end of chromosome 25, maps at position 97.4cM out of a total of 162.4cM on the linkage map published by Nichols et al. (2003) . Chromosome size and structure has a major effect on recombination rate differences between the sexes (Table 2) . Linkage groups of bi-armed (metacentric) chromosomes had higher female:male recombination rates than linkage groups of acrocentric (single-armed) chromosomes (pairs 23-30) . This is most pronounced in the largest metacentrics, so appears to be mainly a consequence of the fact that almost all of the metacentric pairs are larger than the acrocentrics. There are only a couple of metacentric chromosomes (pairs 20,21 and 22) which are in the same size range as the acrocentric chromosomes (pairs 23-30), and these have F:M recombination ratios similar to the acrocentrics. The large difference in male and female maps for the larger chromosomes suggests that suppression of crossing over may extend out from the centromeres over a considerable portion of the chromosome in males. The observed increase in recombination in the smaller chromosomes in males relative to larger chromosomes reduces the difference in recombination rate between the sexes for these chromosomes. It is well known that recombination in most organisms is increased in smaller chromosomes (KONG et al. 2002) , probably because there is a minimum number of chiasmata required per chromosome for proper segregation.
There is one major exception to the correlation between large metacentrics and high F:M recombination ratios. This is chromosome 5, the fifth largest pair, which corresponds to LG8. In addition to having an equal F:M recombination, this LG ranks in the last quartile for size in the Guelph crosses and 16 th for the O x A cross. This is the LG to which a major QTL for early maturity has been mapped in O x C (Robison et al., 2001) , and a major QTL for spawning date has been mapped in the Guelph crosses (O'MALLEY et al. 2003) . This linkage group is remarkably condensed (18 markers mapped on top of each other near the centromere of the female map) in both males and females . There is evidence based on the mapping of a duplicated pair of known genes that it may be the homeologous linkage group to the sex chromosome pair (Nichols and Phillips, unpublished Genetic maps of allozyme loci in salmonid fishes showed that up to 20% of loci are isoloci which are still recombining in males (MAY and JOHNSON 1990; WRIGHT 1983) . These loci are usually located at the ends of linkage groups, which would correspond to telomeres (ALLENDORF and DANZMANN 1997) , and frequency of tetrasomic inheritance is increased in crosses between strains from different geographic regions. The BAC probes that hybridize to more than one chromosome pair all are found at locations from the middle of the arm to the telomere, consistent with this hypothesis.
Some of these contain type I genes and others are random BACs. The precise location on the chromosome arm appears to be conserved for the duplicate loci that we mapped and the size of the homeologous chromosome arms appears to be similar (Table 3) .
The fact that 80% of the BACs containing duplicate genes hybridize to only one chromosomal location (Table 1 and unpublished information) suggests that intergenic regions have diverged substantially between the two subgenomes. This has been shown directly by sequence analysis of two BAC clones containing duplicate regions in Atlantic salmon that were localized by in situ hybridization to two different chromosomes in this species (MITCHELL et al. 2005) . Although the same 10 protein-coding genes were found in both BACs, intergenic regions were highly diverged and contained different repetitive elements. Comparisons of the sequences of the genes in these two BACs led to an estimate of 90-110 million years for the time of the original duplication. A rainbow trout clone containing one of these same regions was also sequenced and compared to the orthologous Atlantic salmon clone. It had the same genes in the same order but the intergenic regions were also highly conserved (L. Mitchell pers. com.), which explains why many rainbow trout clones will hybridize to the orthologous loci in other salmonid species). These results suggest that diploidization occurred rapidly after the tetraploidization event and speciation occurred considerably later. It is not known why some regions are still not diploidized after approximately 100 million years and why these are shared in different species.
The cytogenetic map will have a number of applications. First, it will be useful in helping investigators determine how many loci there are for duplicate genes and assist in assembling contigs of BACs for the different loci. Second, it will allow quick assignment of the linkage group without having to search for SNPs and map them in crosses. This will allow investigators to determine if their BAC clone maps to a region containing a QTL, or if multiple clones are located in homeologous regions. There is evidence that QTLs are found in homeologous regions (O'MALLEY et al. 2003) , so it will be important to continue to integrate the genetic and cytogenetic maps so that all of these regions can be identified. Third, the BACs isolated in this study will be especially useful for characterizing the chromosome rearrangements that are present in different strains of rainbow trout and related salmonids.
We have already used BAC probes isolated in this study to determine that the Clearwater and Swanson strains (2N=58) have the same chromosome fusion involving chromosome pairs 25 and 29 (LG4 and LG 25) . Hybrids between OSU and Clearwater and OSU and Swanson had 59 chromosomes and the single metacentric pair had TCRβ (LG4) on one end of one chromosome arm and G9 (LG25) near the centromere on the other arm. These strains originated from Idaho and Alaska and previous work suggested that most of the interior rainbow strains are 2N=58 , and may represent the ancestral rainbow trout karyotype. The crosses made at University of Guelph SAKOMOTO et al. 2000) had only 29 linkage groups and linkage group 4 was missing. Parents and offspring for these crosses are deceased and were not karyotyped. However, we believe it is likely that they were 2N=58 fish. One marker found on LG4 in the linkage map based on OSU x
Arlee (NICHOLS et al. 2003) was found on LG 25 in these crosses . In future work we plan to isolate additional BAC clones containing mapped genes until we have one for each chromosome arm in rainbow trout. This set of reagents will be especially useful for producing a "quick map" of other salmonid species and for identification of QTLs in different salmonid species.
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